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(54) Stent with variable features to optimize support and method of making such stent 



(57) An intravascular stent especially suited for 
implanting in curved arterial portions or ostial regions. 
The stent can include an end region which is fabricated 
to have a greater radial strength than the remaining 
axial length of the stent. Such a stent is particularly 
suited for use in ostial regions, which require greater 
support near the end of the stent. The stent alternatively 
can include sections adjacent the end of the stent with 



greater bending flexibility than the remaining axial 
length of the stent. Such a stent is particularly suited for 
use in curved arteries. The stent can also be con- 
structed with an end that has greater radial strength and 
sections adjacent the end with greater bending flexibil- 
ity. Such a stent prevents flaring of the stent end during 
insertion. 
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It is an object of this invention to provide a stent 
which does not have sharp points or protrusions at its 
end concentrating pressure on the vessel's wall upon 
expansion of the stent in a curved portion of a vessel 

It is another object of this invention to provide a 
stent having a radial force at its distal end that is greater 
than the radial force in the portion of the stent proximal 
to the distal end. 

It is yet another object of this invention to provide an 
expandable stent, comprising: a plurality of intercon- 
nected flexible cells defining a stent having a proximal 
end and a distal end and a longitudinal axis, the cells 
arranged in a plurality of interconnected flexible rows 
disposed along the longitudinal axis of the stent with a 
distal row disposed at the distal end of the stent and a 
proximal row disposed at the proximal end of the stent, 
wherein the cells disposed in the distal row of the stent 
are adapted to exert greater radial force and are further 
adapted to be more flexible than the cells disposed in 
the rows disposed between the distal row and the prox- 
imal end of the stent. 

It is still another object of this invention to provide 
an expandable stent, comprising: a plurality of intercon- 
nected flexible cells defining a stent having a proximal 
end and a distal end and a longitudinal axis, the cells 
arranged in a plurality of interconnected flexible rows 
disposed along the longitudinal axis of the stent with a 
distal row disposed at the distal end of said stent and a 
proximal row disposed at the proximal end of the stent, 
wherein the cells in the distal row of the stent and the 
cells disposed in the proximal row of the stent are 
adapted to exert greater radial, force and are further 
adapted to be more flexible than the cells d *>ed in 
the rows disposed between the distal row ano „ *s K ox- 
imal row. 

It is another object of this invention to provide an 
expandable stent, comprising: a) a plurality of intercon- 
nected flexible cells defining a stent having a proximal 
end and a distal end and a longitudinal axis, the cells 
arranged in a plurality of interconnected flexible rows 
disposed along the longitudinal axis of the stent with a 
distal row disposed at the distal end ol the stent and a 
proximal row disposed at the proximal end of the stent, 
each of the flexible cells comprising a first member, a 
second member, a third member, and a fourth member; 
b) a first C-shaped loop disposed between the first 
member and the third member; c) a second C-shaped 
loop disposed between the second member and the 
fourth member; d) a first flexible connector disposed 
between the first member and the second member; and 
e) a second flexible connector disposed between the 
third member and the fourth member, wherein the cells 
of the distal row are provided with first and third mem- 
bers that are shorter than the second and fourth mem- 
bers in the distal row. and wherein the distal row is 
provided with first and second flexible connectors that 
are more flexible than the flexible connectors in the cells 
in the other rows of the stent. 



It is yet another object of this invention to provide an 
expandable stent, comprising: a) a plurality of intercon- 
nected flexible cells defining a longitudinal stent having 
a proximal end and a distal end and a longitudinal axis, 
the cells arranged in a plurality of interconnected flexible 
rows disposed along the longitudinal axis of the stent 
with a distal row disposed at the distal end of the stent 
and a proximal row disposed at the proximal end of the 
stent each of the flexible cells comprising a first mem- 
J0 ber a second member, a third member, and a fourth 
mernber; b) a first C-shaped loop disposed between the 
first member and the third member; c) a second C- 
shaped loop disposed between the second member 
and the fourth member; d) a f irst flexible connector dis- 
1S posed between the first member and the second mem- 
ber; and e) a second flexible connector disposed 
between the third member and the fourth member, 
wherein the cells of the distal row are provided with first 
and third members that are shorter than the second and 
20 fourth members in the distal row, and wherein the distal 
row and the row proximal to the distal row. are provided 
with first and second flexible connectors that are more 
flexible than the flexible connectors in the other rows of 
the stent. 

It is a further aspect of this invention to provide an 



expandable stent comprising: a) a plurality of flexible 
cells defining a stent having a proximal end and a distal 
end and a longitudinal axis, the cells arranged in a plu- 
rality ol flexible rows along the longitudinal axis with a 
so distal row disposed at the distal end of the stent and a 
proximal row disposed at the proximal end of the stent, 
each of the flexible cells comprising a first member, a 
second member, a third member, and a fourth member; 
b) a first C-shaped loop disposed between the first 
35 member and the third member; c) a second C-shaped 
loop disposed between the second member and the 
fourth member; d) a first flexible connector disposed 
between the first member and the second member; and 
e) a second flexible connector disposed between the 
4 o third member and the fourth member, wherein the cells 
of the distal row are provided with first and third mem- 
bers that are shorter than the second and fourth mem- 
bers in the distal row, and wherein the cells of the 
proximal row are provided with second and fourth mem- 
45 bers that are shorter than the f irst and third members in 
the proximal row, and wherein the distal row, and the 
row proximal to the distal row, and the proximal row and 
the row distal to the proximal row are provided with first 
and second flexible connectors that are more flexible 
so than the flexible connectors in the other rows of the 
stent. 

It is yet another object of this invention to provide an 
expandable stent, comprising: a plurality of flexible cells 
defining a stent having a proximal end and a distal end. 
55 the stent provided with means for imparting a radial 
force at its distal end that is greater than the radial force 
in the portion of the stent proximal to the distal end. 
It is yet a further object of this invention to provide 
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is disposed between the second member 5 and the 
fourth member 7. In each of the cells 3, first member 4, 
second member 5. third member 6, and fourth member 
7 are substantially equal. Thus, first C-shaped loop 10 is 
displaced a distance D1 and second C-shaped loop 1 1 
is displaced a distance D2 from the center of cell 3. In a 
preferred embodiment, D1 is substantially equal to D2. 
A first flexible connector 8 is disposed between the first 
member 4 and the second member 5 and a second flex- 
ible connector 9 is disposed between third member 6 
and fourth member 7. The flexible connectors 8 and 9 
may be made in a variety of shapes, e.g., an "S" or a m T 
shape as shown in FIG. 11. In a preferred embodiment, 
a *U" shape is utilized as shown in Figs. 1 to 10. 

Fig 1 shows the pattern or stent 1 in an unex- 
parxJed Mate, that state in which the stent 1 is first 
inserted m a part>cuiar vessel in which a balloon angi- 
oplasty p»ocecure is to be performed, but before balloon 
inflation Fig 2 shows the pattern of stent 1 in a partially 
opa-xiod state. that state after the balloon has 
been expanded. e_g. by a balloon, and the state in which 
the stent i remains n the vessel which it supports. The 
plurality of mefconnected cells 3 and 3' form a plurality 
of interconnected rows 25. 26, 27. and 28 of cells dis- 
posed along the longitudinal axis of the stent 1. Figs. 1 
and 2 show a distal row 25 disposed at the distal end 2, 
a row 26 aciacent to and proximal to distal row 25. a row 
27 adjacent to and proximal to row 26. and a row 28 
adjacent to and proximal to row 27. It will be appreciated 
that the number of rows, and the number of cells per 
row, and the shape of each cell, may be varied as spe- 
cific app |, ca t,ons r equire. 

As shown in Figs. 1 and 2, the cells 3' in distal row 
25 differ from the cells 3 in rows 26, 27, and 28. The first 
member 4" and the third member 6* of the cells 3' in row 
25 are shorter than the first member 4 and the third 
member 6 of the cells 3 in rows 26, 27 and 28. In cell 3", 
first member 4* is substantially equal to third member 6', 
however, first member 4* and third member 6' are 
shorter than second member 5' and fourth member T. 
The shorter members 4' and 6' result in a f irst C-shaped 
loop 10' that is not disposed as far away from the center 
of the cell 3' as second C-shaped loop 1 1 '. Thus, first C- 
shaped loop 10* may be thought of as being "shorter" 
than second C-shaped loop 11'. As shown in FIG. 2, 
first C-shaped loop 10' is disposed a distance DV that is 
less than the distance D2* that second C-shaped loop 
1 Y is disposed from the center of the cell 3'. In an espe- 
cially preferred embodiment, D1 ' is about 15% less than 
D2\ 

Figs. 1 and 2 also show that the distal row 25 of the 
stent 1 is provided with a first U-shaped loop 8* and a 
second U-shaped loop 9' that are more flexible than the 
first U-shaped loop 8 and second U-shaped loop 9 of 
cells 3 in rows 26. 27, and 28 of the stent 1. This greater 
flexibility in the U-shaped loops 8' and 9' may be accom- 
plished in a variety of ways, for example, by utilizing a 
different material, by treating the material e.g., by utiliz- 



ing stainless steel annealing to impart selective degrees 
of hardness to the different portions of the stent. Alter- 
natively, if, e.g., NiTi (Nitinol) is utilized, selected por- 
tions of the stent may be selectively thermo- 
5 mechanically treated so that portions of the stent, e.g., 
the U-shaped members, will remain in a martensitic 
phase while other portions of the stent will be trans- 
formed into austenitic phase in this section to yield dif- 
ferent properties. Greater flexibility may also be 
w achieved by changing the shape of the "U". for example 
to a "Z" or an "S" (as shown in FIG. 1 1), or by reducing 
the amount of material utilized to make the U-shaped 
loops 8' and 9'. In the embodiment shown in Figs. 1 and 
2, the U-shaped loops 8* and 9' of row 25 are provided 
75 with the same thickness of material as the U-shaped 
loops 8 and 9 of the cells 3 in rows 26, 27, and 28, how- 
ever, U-shaped loops 8' and 9* are not as wide. As 
shown in Figs. 1 and 2, U-shaped loops 8' and 9' have a 
width W1 that is less than the width W2 of U-shaped 
20 loops 8 and 9 in the cells 3 of rows 26, 27, and 28. In a 
preferred embodiment, W1 is about 50% narrower than 
W2. In an especially preferred embodiment, W1 is 
about 40% narrower than W2. 

Fig. 3 is a side-by-side comparison of two stent sec- 
25 tions and shows a conventional stent 12 compared to 
the stent 1. shown in Figs. 1 and 2. Fig. 4 shows stents 
1 and 12 shown in Fig. 3 as they appear when they are 
crimped on a balloon and bent as they would be during 
insertion around a curve in a vessel. As shown in Fig. 4, 
30 conventional stent 12 flares at its leading edge 13 in 
contrast to stent 1 which does not. Fig. 5 shows the 
stents of Fig. 4 after the stents have been expanded in 
a curve. The tip of conventional stent 12 produces a pro- 
trusion or sharp point 13 which could cause local pres- 
35 sure and possible trauma to the vessel wall. In contrast, 
the stent 1 constructed in accordance with the invention 
bends gently at its end 2 without forming a protrusion or 
sharp point because the deformation of the of U-shaped 
loops 8' and 9' in distal row 25 make the end 2 softer. 
40 Fig. 6 shows the stents 1 and 12 of Fig. 3 at partial 
expansion (before reaching maximum pressure) dis- 
posed on a substantially straight catheter. As shown, 
although the two stents 1 and 12 are subjected to the 
same outward force, the end 2 of stent 1 is less 
45 expanded than the end 13 of conventional stent 12 
demonstrating the increased radial force of the end 2 of 
stent 1 constructed in accordance with the invention. At 
full pressure the radii of the stents 1 and 12 will be 
equal, however, the end 2 of stent 1 will have greater 
so radial resistance to collapse than the end 1 3 of stent 1 2. 
Fig. 7 shows an alternative embodiment of the 
invention. As shown in Fig. 7, the cells 3' in row 25 are 
provided with a first member 4' and third member 6' that 
are shorter than second member 5' and fourth member 
55 T. The cells 3* in row 25 are provided with a first U- 
shaped loop 8' and a second U-shaped loop 9' that are 
thinner than the U-shaped loops 8 and 9 in the cells 3 in 
rows 27 and 28. The cells 3" in row 26 are provided with 
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than the gauge of the material utilized in the cells 
Sosed between the distal row and the prox,ma. 
row of the stent. 

8. The stent of daim 5. wherein the cells in the distal 
row and the proximal row are made of a matenal 
that is more flexible than the material utilized .n the 
cells disposed between the distal row and the prox- 
imal row of the stent. 

9. An expandable stent, comprising: 



25 



30 



35 



a) a plurality of interconnected flexible cells 
defining a stent having a proximal end and a 
distal end and a longitudinal axis, the eel s 
arranged in a plurality of interconnected flexible 
rows disposed along the longitudinal axis of the 
stent with a distal row disposed at the distal 
end of the stent and a proximal row disposed at 
the proximal end of the stent, each of the flexi- 
ble cells comprising a first member, a second 
member, a third member and, a fourth mem- 
ber 

b) a f irst C-shaped loop disposed between the 
first member and the third member; 

c) a second C-shaped loop disposed between 
the second member and the fourth member: 

d) a first flexible connector disposed between 
the first member and the second member; and 

e) a second flexible connector disposed 
between the third member and the fourth mem- 
ber wherein the cells of the distal row are pro- 
vided with first and third members that are 
shorter than the second and fourth members in 
the distal row, and wherein the distal row is pro- 
vided with first and second flexible connectors 
that are more flexible than the flexible connec- 
tors in the cells in the other rows of the stent. 

10. The stent of claim 9, wherein the first and the sec- 
ond flexible connectors are U-shaped. 

11. The stent of claim 9. wherein the first and the sec- 
ond flexible connectors are S-shaped. 

12. The stent of claim 9. wherein the first and the sec- 
ond flexible connectors are Z-shaped. 

1 3 The stent of claim 9. wherein the first and the third 
members in the distal row are about 15% shorter 
than the second and the fourth members in the dis- 
tal row. 

14 The stent of claim 9. wherein the first and the sec- 
' ond flexible connectors in the distal row are nar- 
rower than the first and the second flexible 
connectors in the cells in the other rows of the stent 



1 5. The stent of claim 14. wherein the first and the sec- 
ond flexible connectors in the distal row are about 
40% narrower than the first and the second flexible 
connectors in the cells in the other rows of the stent. 

5 16 The stent of claim 9. wherein the first and the sec- 
' ond flexible connectors in the distel row are 
annealed to impart a hardness that is different than 
the hardness of the flexible connectors in the other 

10 rows of the stent 

17 The stent of claim 9. wherein the stent is comprised 
" of NiTi and the first and the second flexible connec- 
tors in the distal row of the stent are in a martensitic 
(5 phase and the remaining portions of Ihe stent are in 
the austenitic phase. 

18. The stent of claim 9. wherein the cells in the distal 
row are of a thinner gauge than the gauge of the 
20 rnaterial utilized in the cells disposed between the 
distal row and the proximal end of the stent. 



19. The stent of claim 9, wherein the cells n the d sto* 
row are made of a material that ,s more flexible than 
the material utilized in the cells disposed between 
the distal row and the proximal end of the stent. 

20. An expandable stent, comprising: 

a) a plurality of interconnected flexible cells 
defining a longitudinal stent having a proximal 
end and a distal end and a longitudinal axis, the 
cells ananged in a plurality of interconnected 
flexible rows disposed along the long.tudra 
axis of the stent with a distal row disposed at 
the distal end of the stent and a proximal row 
disposed at the proximal end of the stent, each 
ol the flexible cells comprising a first member, a 
second member, a third member, and a fourth 

b^aSlt' C-shaped loop disposed between the 
first member and the third member; 

c) a second C-shaped loop disposed between 
the second member and the fourth member; 

d) a first flexible connector disposed between 
the first member and the second member; and 

e) a second flexible connector disposed 
between the third member and the fourth mem- 
ber wherein the cells of the distal row are pro- 
vided with f irst and third members that are 
shorter than the second and fourth members in 
the distal row, and wherein the distal row. and 
in the row proximal to the distal row. are pro- 
vided with first and second flexible connectors 
that are more flexible than the flexible connec- 
tors in the other rows of the stent 

21. The stent of claim 20. wherein the first and the sec- 
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tors in the distal row, the row proximal to the distal cells, the cells arranged in a plurality of intercon- 

row the proximal row, and the row distal to the prox- nected flexible rows defining a stent having a proxi- 

imai row are annealed to impart a hardness that is mal end and a distal end and a longitudinal axis, 

different from the hardness of the first and the sec- wherein at least one of the rows is adapted to 

ond flexible connectors in the cells disposed in the 5 accommodate the unique characteristic of that por- 

other rows of the stent. tion of the lumen in contact with the adapted row. 



39. The stent of claim 31. wherein the stent is com- 
prised of NiTi and the first and the second flexible 
connectors in the distal row, the row proximal to the 
distal row. the proximal row, and the row distal to 
the proximal row are in a martensitic phase and the 
remaining portions of the stent are in the austenitic 
phase. 

40. The stent of claim 31 , wherein the cells in the distal 
row. the row proximal to the distal row, the proximal 
row, and the row distal to the proximal row are of a 
thinner gauge than the gauge of the material uti- 
lized in the cells disposed in the other rows of the 
stent. 

41 . The stent of claim 31 , wherein the cells in the distal 
row. the row proximal to the distal row, the proximal 
row. and the row distal to the proximal row of the 
stent are made of a material that is more flexible 
than the material utilized in the cells disposed in the 
other rows of the stent. 

42. An expandable stent, comprising: a plurality of flex- 
ible cells defining a stent having a proximal end and 
a distal end, the stent provided with means for 
imparting a radial force at the distal end that is 
greater than the radial force in the portion of the 
stent proximal to the distal end. 

43. The stent of claim 42 further provided with means 
for imparting flexibility to the distal end of the stent 
that is greater than the flexibility of that portion of 
the stent proximal to the distal end. 

44. An expandable stent, comprising: a plurality of flex- 
ible cells defining a stent having a proximal end and 
a distal end, the stent provided with means for 
imparting a radial force at its proximal and distal 
ends that is greater than the radial force of that por- 
tion of the stent disposed between the proximal and 
distal ends. 



47. An expandable stent for treating a lumen having a 
non-uniform diameter, comprising: a plurality of 

10 interconnected flexible cells, the cells arranged in a 
plurality of interconnected flexible rows defining a 
stent having a proximal end and a distal end and a 
longitudinal axis, wherein at least one of the rows is 
adapted to accommodate the non-uniform diameter 

15 of the portion of the lumen in contact with the 
adapted row. 

48. An expandable stent for treating a lumen having a 
non-uniform radial force, comprising: a plurality of 

20 interconnected flexible cells, the cells arranged in a 
plurality of interconnected flexible rows defining a 
stent having a proximal end and a distal end and a 
longitudinal axis, wherein at least one of the rows is 
adapted to accommodate the non-uniform radial 
25 force of the portion of the lumen in contact with the 
adapted row. 

49. An expandable stent for treating a lumen having a 
non-uniform longitudinal flexibility, comprising: a 

30 plurality of interconnected flexible cells, the cells 
arranged in a plurality of interconnected flexible 
rows defining a stent having a proximal end and a 
distal end and a longitudinal axis, wherein at least 
one of the rows is adapted to accommodate the 

35 non-uniform longitudinal flexibility of the portion of 
the lumen in contact with the adapted row. 

50. The stent of claim 46. wherein one of the plurality of 
rows disposed between the proximal end and the 

40 distal end is provided with a cell size that is larger 
than the cells in the remaining rows. 
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25 



45. The stent of claim 44 further provided with means so 
for imparting flexibility to the distal end of the stent 
and the proximal end of the stent that is greater 
than the flexibility of that portion of the stent dis- 
posed between the proximal and distal ends. 

55 

46. An expandable stent for treating a lumen having a 
unique characteristic along a portion of the lumen, 
comprising: a plurality of interconnected flexible 
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